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Abstract
We revisited the scenario of electroweak baryogenesis in the presence of
large Yukawa couplings, in which it was found previously that a strongly
first order electroweak phase transition can occur with the Higgs mass
at its observed value of 125 GeV. Given the sensitivity of the running
of the Higgs quartic coupling on the Yukawa coupling constants, we find
that the addition of order one Yukawa couplings beyond the top quark
drastically lowers the scale at which the Higgs potential becomes unstable.
Specifically, even with only one additional order one Yukawa coupling, the
scalar potential becomes unstable already at the TeV scale, assuming the
Standard Model values for the Higgs sector parameters at the electroweak
scale. Furthermore, by assuming the Standard Model values for the Higgs
sector parameters at the TeV scale, the quartic coupling constant is driven
to be larger than its Standard Model value at the electroweak scale. This
in turn predicts a much lighter Higgs mass than the measured value of 125
GeV. In this scenario, the strength of the electroweak phase transition is
also significantly weakened.
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1 Introduction
The origin of the observed cosmological matter-antimatter asymmetry of the
Universe remains an outstanding question in both particle physics and cosmol-
ogy. Sakharov pointed out [1] that in order for the matter-antimatter asym-
metry to be generated dynamically, three conditions are required: (i) Baryon
number violation, (ii) C and CP violations, and (iii) departure from thermal
equilibrium. There are three possible ways to realize departure from thermal
equilibrium that have been utilized in mechanisms for baryogenesis: (i) Out-of-
equilibrium decay of heavy particles, (ii) electroweak phase transition, and (iii)
dynamics of topological defects.
In electroweak baryogenesis, the out-of-equilibrium condition is achieved if
the electroweak phase transition (EWPT) is strongly first order. This in turn
requires a light Higgs mass, mH . 72 GeV [2] in the Standard Model (SM).
Clearly this constraint is in conflict with the observed Higgs mass of 125 GeV.
In constrained Minimal Supersymmetric Standard Model (MSSM), a strongly
first order EWPT requires a light Higgs which is inconsistent with observation.
On the other hand, it has also been shown that a very narrow parameter space
can be made consistent with the observed Higgs mass and the strong first order
phase transition, by fine-tuning the supersymmetric parameters (see, e.g. [3]).
Several approaches have been proposed to obtain a strongly first order
EWPT while maintaining a Higgs mass consistent with the observed value. One
way is to expand the scalar sector by adding scalar singlet(s) [4] or by adding
electroweak triplet scalar fields [5]. It was pointed out in [6] that additional large
Yukawa coupling constants in the early Universe can drive the electroweak phase
transition to be strongly first order. In [7] and [8] it was proposed that varying
Yukawa couplings, possibly via the Froggatt-Nielsen mechanism, can also yield
a strongly first order phase transition.
In [8] an analysis of the effective potential and phase transition with varying
Yukawa couplings was carried out. The ansatz for the variation in the Yukawa
couplings was taken to be
y(φ) =
y1
(
1− φv
)
+ y0 0 ≤ φ ≤ v
y0 v ≤ φ ,
(1)
with φ being the value of the Higgs field, and y1 and y0 are constants. The
same ansatz is used in this analysis. There are three effects of the large Yukawa
couplings during the electroweak phase transition: (i) In the T = 0 one-loop
corrections, the large Yukawa couplings result in the lowering of the scalar po-
tential in the region of 0 <
〈
φ
〉
< v thus weakening the phase transition, (ii) The
finite temperature one-loop correction from the fermions adds to the potential
and strengthens the phase transition, (iii) The large Yukawa coupling present
in the Higgs daisy correction also strengthens the phase transition.
Large Yukawa couplings also have a substantial effect on the running of the
Higgs quartic coupling. The β function for the quartic coupling is sensitive to
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changes in the Yukawa couplings, significantly so for large ones. When param-
eters in the Higgs sector are kept to be the Standard Model values at the weak
scale, increasing the Yukawa couplings to be of order one lowers the scale at
which the quartic coupling becomes negative, thus also lowering the scale at
which the Higgs potential becomes unstable. If the value of the quartic cou-
pling in the UV is kept at the Standard Model value, the renormalization group
corrections driven by large Yukawa couplings then lead to the quartic coupling
value that is higher than the Standard Model value at the weak scale. Conse-
quently, this results in a low Higgs mass that is in conflict with observation.
The paper is organized as follows: in Sec. 2, we review the calculation of the
effective scalar potential at finite temperature. This is then followed by Sec. 3
where we study the renormalization group evolution of the coupling constants
and the stability of the scalar potential. In Sec. 4, we present the analysis of
the electroweak phase transition by including the effects of the renormalization
group corrections. Sec. 5 concludes the paper.
2 Review of Effective Potential Calculation
The calculation of the effective potential was developed [9, 10] using the path
integral formalism. For a review, see, for example, [11]. The effective scalar
potential is given by the tree level potential, plus the one-loop zero temperature
correction, the one-loop finite temperature correction, and the daisy correction.
Veff(φ, T ) = V0(φ) + V
T=0
1 (φ) + V
T 6=0
1 (φ, T ) + VDaisy(φ, T ) . (2)
Both the zero-temperature and finite-temperature one loop corrections receive
contributions from all particles coupled to the Higgs, while the daisy correction
receives contributions only from the bosons.
The tree level potential, V0, used in this calculation is given by
V0 = −µ2|H|2 + λ|H|4 , (3)
with µ2 > 0 and electroweak symmetry is broken by the usual Higgs doublet
H = (0,
φ√
2
) . (4)
The one-loop contribution at zero temperature is obtained by summing over
all 1PI diagrams with one loop and zero external momenta. After renormaliza-
tion using the MS scheme, the one loop zero temperature contribution is given
by
V T=01 (φ) =
∑
i
ni(−1)Fi
64pi2
m4i (φ)
log [m2i (φ)
m2i (v)
]
− 3
2
+ 2m2i (φ)m2i (v)
 ,
(5)
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where the sum is over all particles that couple to the Higgs. F is 0 or 1 for
bosons and fermions, respectively, and ni is the particle’s multiplicity (1 for
each boson, 4 for colorless Dirac fermions, and 12 if the fermion also carries
color). V T=01 (φ) already includes all counter-terms necessary to maintain the
tree-level values of the mass and coupling constant.
To calculate the finite temperature contributions, it is necessary to use the
finite temperature Feynman rules and to sum over the Matsubara frequencies.
The result is given by
V T 6=01 (φ, T ) =
∑
i
ni(−1)FiT 4
2pi2
JB/F
(
m(φ)2
T 2
)
, (6)
where JB/F is the thermal bosonic/fermionic function
JB/F =
∞∫
0
dxx2 log
[
1− (−1)F e−
√
x2+m2/T 2
]
. (7)
This integral has convenient high temperature approximations for m2/T 2  1,
JB
(
m2
T 2
)
= −pi
4
45
+
pi2
12
m2
T 2
− pi
6
(
m2
T 2
)3/2
− 1
32
m4
T 4
log
(
m2
abT 2
)
, (8)
JF
(
m2
T 2
)
=
7pi4
360
− pi
2
24
m2
T 2
− 1
32
m4
T 4
log
(
m2
afT 2
)
. (9)
But in this analysis the thermal bosonic and fermionic functions were evaluated
numerically, since near the critical temperature the condition that m2/T 2  1
is violated. As observed in [8], if varying Yukawa couplings are assumed, the
fermion contribution can produce a cubic term in φ, normally only present in the
bosonic contribution. This has the effect of strengthening the phase transition
and can allow for a first-order transition.
The one-loop approximation is valid at temperatures below the critical tem-
perature; however, near the critical temperature this approximation breaks
down. Quadratically divergent bubbles that add a factor of λT 2/m2 to the two-
point functions can be safely ignored at low temperatures where λT 2/m2  1.
At and above the critical temperature, these diagrams (daisy, or ring diagrams)
must be accounted for by resumming over an infinite number of diagrams at
every order. This is equivalent to replacing the particle mass by an effective
mass, m2 → m2 + Π(T ), where Π(T ) is the thermal mass of the particle. The
daisy contribution is given by
VDaisy(φ, T ) =
∑
i
niT
12pi
(
m3i (φ)−
[
m2i (φ) + Πi(T )
]3/2)
. (10)
Here the ni is taken to be 1 for the Z and Higgs Bosons, and 2 for the W. In the
case of the Higgs (with constant Yukawa couplings) the thermal mass calculated
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in [12] is used
Πφ(T ) =
(
3
16
g22 +
1
16
g2y +
λ
2
+
y2t
4
)
T 2 . (11)
And with varying Yukawa couplings,
Πφ(φ, T ) =
(
3
16
g22 +
1
16
g2y +
λ
2
+
y2t
4
+
n∗ y(φ)2
48
)
T 2 . (12)
Here n∗ is taken to be 60 to account for the additional five quarks, g2 and gy
are the weak and hypercharge coupling constants.
3 Stability of Theory with Additional Yukawa
Couplings of order Unity
In the Standard Model, the Higgs quartic coupling becomes negative around
1010 GeV, rendering the Higgs potential unstable. Increasing the number of
Yukawa couplings that are of order one drastically lowers the scale at which
the quartic coupling becomes negative. This can be seen analytically from the
1-loop β function (equation 17 in appendix A). If we assume only one large
quark Yukawa coupling and no CKM mixing, then the leading order terms can
be approximated as
β
(1)
λ ≈ 24λ2 + 12λy2 − 6y4 . (13)
If additional quark Yukawa couplings of order 1 are added, then the β function
becomes
β
(1)
λ ≈ 24λ2 + 12λny2 − 6ny4 , (14)
where n is the number of order one Yukawa couplings. The addition of these
large Yukawa couplings has the effect of driving the Higgs quartic coupling
negative at a lower scale.
To evaluate the full renormalization group equations (RGEs) with large
Yukawa couplings, and their effect on the running of the Higgs quartic cou-
pling, the Mathematica package SARAH [13] was used. In the first case, Yukawa
couplings equal to one were successively added to the Standard Model at the
electroweak scale. The top quark Yukawa coupling and all other parameters
were left as their Standard Model values. The results can be seen in Figure 1,
where it is clear that this change drastically lowers the scale at which the Higgs
quartic coupling becomes negative, pushing it very close to the electroweak scale.
In the next case considered, the order one quark Yukawa couplings are im-
posed at 1 TeV. Figure 2 has the Yukawa couplings set equal to 1, while Figure
3 has the Yukawa couplings equal to 2. As shown in the figures, adding Yukawa
couplings of order one or greater makes the Higgs quartic coupling larger than
the observed value at the electroweak scale. This in turn has the effect of low-
ering the Higgs mass, as seen in the following section.
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Figure 1: RGE running of the Higgs quartic coupling when adding additional
Yukawa couplings equal to 1. The subscript number in the legend represents how
many additional Yukawa couplings were added. The subscript 0 corresponds to
the case of the Standard Model.
Figure 2: RGE running of the Higgs quartic coupling when adding additional
Yukawa couplings equal to 1. The subscript number in the legend represents how
many additional Yukawa couplings were added. The subscript 0 corresponds to
the case of the Standard Model.
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Figure 3: RGE running of the Higgs quartic coupling when adding additional
Yukawa couplings equal to 2. The subscript number in the legend represents how
many additional Yukawa couplings were added. The subscript 0 corresponds to
the case of the Standard Model.
4 Renormalization Group Improved Effective Po-
tential and Electroweak Phase Transition
At the electroweak scale, the coupling constants of the Higgs potential are taken
as µ = 89 and λ = 0.13. This allows for a first order phase transition with
varying Yukawa couplings at 115 GeV, and shown by the blue solid line in
Figure 4. However, this does not take into account the effects that additional
large Yukawa couplings would have on the running of the RGEs and therefore
on the values of the coupling constants at that scale.
To account for these additional Yukawa couplings, the RGEs were run down-
wards from the TeV scale, with a successively increased number of additional
large Yukawa couplings. The potential of the two most extreme cases are shown,
where the top Yukawa coupling retains its Standard Model value but the five
additional quark Yukawa couplings are set equal to one and two, corresponding
to the orange and green curves in Figures 4 and 5, respectively.
The large Yukawa couplings increase the value of the quartic coupling at
the electroweak scale, which in turn lowers both the vev and the temperature
at which a phase transition occurs. For a transition to be considered strongly
first order, it must meet the condition that φc/Tc & 1.3 [11]. In the case of the
additional five quark Yukawa couplings equal to 1, shown by the orange curve in
Figure 5, the quartic coupling increases to 0.27 which lowers the vev to 153 GeV,
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Figure 4: Solid line: The effective potential with varying Yukawa couplings
y1 = 2, and Standard Model values of the coupling constants in the Higgs
sector. Dashed lines: The effective potential with varying Yukawa couplings
and RGE-improved values of the Higgs sector coupling constants. The orange
curve has y1 = 1; the green curve has y1 = 2.
leading to a Higgs mass of 112 GeV. In this scenario the critical temperature
decreases to 110 GeV, and the phase transition is still strongly first order with
φc/Tc = 1.39. However, in the case of additional Yukawa couplings equal to 2,
shown by the green curve in Figure 5, the quartic coupling increases to 0.97, the
vev decreases to only 59 GeV, and the critical temperature is only 51 GeV. Here
the phase transition is no longer strongly first order with φc/Tc = 1.16. The
predicted Higgs mass in this case is also drastically lowered, to only 54 GeV.
5 Conclusion
Requiring that the electroweak phase transition in the Standard Model be
strongly first order constrains the Higgs mass to be mH . 72 GeV. With an ob-
served Higgs mass of 125 GeV, it is clear that a strongly first order electroweak
phase transition requires physics beyond the Standard Model. A new scenario
was proposed in reference [6, 7] which introduces the idea that large Yukawa
couplings could cause a strongly first order electroweak phase transition.
The Higgs quartic coupling in the Standard Model is positive up to around
1010 GeV, then the quartic coupling turns negative, making the Higgs scalar
potential unstable. If additional Yukawa couplings of order 1 are present during
the electroweak phase transition, then the Higgs scalar potential will become
unstable at a lower scale than in the case of the Standard Model. If additional
Yukawa couplings of order 1 are present at the TeV scale, then the Higgs quartic
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Figure 5: The effective potential with RGE-improved values. The orange curve
has y1 = 1, λ = 0.27 and µ = 79. The green curve has y1 = 2, λ = 0.97 and
µ = 59.
coupling is driven to be larger at the electroweak scale than its Standard Model
value. This in turn predicts a lighter Higgs than the measured value. In addi-
tion to the inconsistency with the observed Higgs mass, there also exist severe
constraints [14] from cosmology on the proposed scenario with varying Yukawa
couplings. All together, these limitations render this simplest setup with large
varying Yukawa couplings not a viable mechanism for baryogenesis.
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A Renormalization Group Equations
Appendix A shows the renormalization group equations (RGEs) at one loop
that are used in our analysis. The RGEs for the Higgs quartic coupling, and
scalar mass at one loop for the Standard Model [15] are
8
dλ
dt
=
1
16pi2
β
(1)
λ , (15)
dµ
dt
=
1
16pi2
β(1)µ , (16)
where t = lnE, where E is the running scale. The beta-function coefficients are
given by
β
(1)
λ = 24λ
2 − 9
5
g21λ− 9g22λ+
9
8
(
3
25
g41 +
2
5
g21g
2
2 + g
4
2
)
(17)
+4λTr
(
3Y †uYu + 3Y
†
d Yd + Y
†
e Ye
)
−2Tr
(
3(Y †uYu)
2 + 3(Y †d Yd)
2 + (Y †e Ye)
2
)
,
β(1)µ = 12µλ+ 2µTr
(
YeY
†
e
)
+ 6µTr
(
YdY
†
d
)
+ 6µTr
(
YuY
†
u
)
(18)
− 9
10
g21µ−
9
2
g22µ .
The gauge couplings for the Standard Model at the one loop level are
dgi
dt
=
1
16pi2
β(1)gi , (19)
where the three βgi functions are expressed as
β(1)g1 =
41
10
g31 , (20)
β(1)g2 = −
19
6
g32 , (21)
β(1)g3 = −7g33 . (22)
The RGE’s for the Yukawa couplings in the Standard Model at one loop are
summarized as
β
(1)
Yu
= −3
2
(
− YuY †uYu + YuY †d Yd
)
+ Yu
(
3Tr
(
YdY
†
d
)
+ 3Tr
(
YuY
†
u
)
(23)
−8g23 −
17
20
g21 −
9
4
g22 + Tr
(
YeY
†
e
))
,
β
(1)
Yd
=
1
4
(
6
(
− YdY †uYu + YdY †d Yd
)
− Yd
(
− 12Tr
(
YdY
†
d
)
(24)
−12Tr
(
YuY
†
u
)
+ 32g23 − 4Tr
(
YeY
†
e
)
+ 9g22 + g
2
1
))
,
β
(1)
Ye
=
3
2
YeY
†
e Ye + Ye
(
3Tr
(
YdY
†
d
)
+ 3Tr
(
YuY
†
u
)
− 9
4
g21 −
9
4
g22 (25)
+Tr
(
YeY
†
e
))
.
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